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Abstract
The present work deals with the development of a small-scale SOFC based micro-combined heat and power (CHP) 
system. The system operates on CPOX generated syngas from natural gas, features an SOFC stack of nominal 
electrical power of 1.5 kWel, and is able to deliver 2.75 kWth, with a modulation range ~1:3. An electrical and overall 
efficiency of 30% and 90%, respectively, are targeted. The current contribution presents the architecture of the micro-
CHP unit, and concerns the development and the operational performance of the major peripheral components. The 
work is being performed within the FP7 EU-Collaborative Project ‘FC-DISTRICT’. 
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Nomenclature
AC Alternating current 
BOP Balance-of-plant 
CHP Combined heat and power  
CPOX Catalytic partial oxidation 
DC Direct current 
DG Distributed generation 
ESC Electrolyte-supported cell 
FU Fuel utilisation 
GHG Greenhouse gases 
ISM Integrated stack module 
SME Small and medium-sized enterprise 
SOFC  Solid oxide fuel cell 
1. Introduction
The high costs of delivered electricity to the end-user can be partially attributed to a strong dependence 
on centralised energy systems, which operate mostly on fossil fuels and require huge investments for 
establishing transmission and distribution grids that can penetrate remote regions. Furthermore, fossil fuel 
combustion may result in increased emissions of greenhouse gases and noxious pollutants, which are 
directly related to global warming and health hazards [1]. The use of efficient, sustainable, and eco-
friendly power generating technologies, operating on clean and/or alternative fuels, can help in mitigating 
the above concerns. Micro-cogeneration systems, producing both heat and electricity, provide potential 
reductions in carbon emissions and costs through efficient fuel use and by offsetting the use of centrally 
generated electricity from the grid. The life-cycle energy saving and environmental benefits of a micro-
CHP case have been quantified in previous work [2]. Major benefits of distributed generation systems are 
savings in losses over the long transmission and distribution lines, reduced installation cost, local voltage 
regulation, and the ability to add a small unit instead of a larger one during peak load conditions.  
 
A possible solution would be to establish an optimised decentralised micro-CHP network that is based 
both on electrical and thermal integration, taking thus maximum outcome from the CHP core technology, 
at a district level. The development and optimisation of the proposed small-scale district heating network 
based on fuel cell (particularly SOFC) systems will enable cogeneration to be profitably set up on a scale 
much smaller than classical district heating, and will give a significant push in the commercialisation of 
such technologies. 
 
The overall objective of the FC-DISTRICT project (‘New μ-CHP network technologies for energy 
efficient and sustainable districts’) is to optimise and implement an innovative energy production and 
distribution concept for sustainable and energy-efficient refurbished and/or new ‘energy autonomous’ 
districts exploiting decentralised cogeneration coupled with optimised building and district heat storage 
and distribution networks. The concept is based on dynamic heat exchange between the building(s) (fitted 
with SOFCs, for energy production collaborating with improved thermal storage and insulation building 
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systems), the distribution system (optimised piping and district heating with or without a heat buffer), and 
the consumer (new business and service models), aiming to achieve an energy balance at district level. 
The energy reduction will originate from improved efficiency and cost-effective, high-temperature 
SOFCs, to act as micro heat and power cogeneration systems providing demand-flexible electricity and 
heat to the building and district, coupled with optimised energy and power distribution networks that will 
optimally control heat storage at building and/or district level.  
 
The innovative concepts for energy production and distribution will be implemented and tested within 
a timeframe of four years, ending in demonstration of final achievements in a selected district 
environment. In order to accomplish the ambitious goals of the project, 23 partners, from different 
European organisations and companies, are cooperating on issues like energy production and heat storage 
in buildings, improved building insulation, development of thermal and electrical micro-grids for building 
interconnection, and the potential contribution of domestically generated biogas. The partners involved in 
the FC-DISTRICT project bring together a sufficient number of important European actors on the 
scientific, research, and industry level, including SMEs and industrial partners from the heating and 
building sector. Extended information about the project can be found in Reference [3].  
 
The key technology in the project is the cogeneration of electricity and heat for covering primarily 
energy needs at the building level, while any energy surplus will be provided to the district network. 
SOFC systems are potentially ideal candidates for decentralised CHP generation, providing possible 
reductions in carbon emissions and costs through local, efficient fuel utilisation. Installation of such 
systems can also effectively facilitate energy management within district boundaries.  

Fig. 1. Schematic diagram of FC-DISTRICT micro-CHP system. 
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SOFC-based CHP systems have already reached a mature development level, allowing a near-term 
market introduction. Several reported systems may reach electrical efficiencies in the range of 30–60% 
and overall efficiencies up to 85% [4–7]. In this paper the architecture of the FC-DISTRICT micro-CHP 
unit and first development achievements towards the realisation of the complete system are presented.  
 
A small-scale SOFC based micro-CHP unit which fulfills the relevant technological and market 
requirements at a European level, is being developed by the current group of authors. A schematic 
diagram of this system is shown in Fig. 1. The advanced planar, compact SOFC stack utilised has a 
nominal electrical power of 1.5 kWel. The system is operating with natural gas that is converted via 
catalytic partial oxidation (CPOX) to a hydrogen-rich gas. A CPOX-based system has the advantage of a 
simple layout with the lowest initial and operational costs. The nominal thermal power of the complete 
system is 2.75 kWth. The targeted electrical efficiency is >30% and overall efficiency >90%, with a 
modulation range of ~1:3. The overall system is split up into three main sections: the fuel processing 
stage, the SOFC stack with power electronics, and the balance-of-plant (BOP) section. Major peripheral 
components, such as the CPOX reformer and the inverter, have been developed within the framework of 
the project, as well as the most important BOP components: the post-combustor for the anode exhaust 
gas, high-temperature plate-type heat exchangers, and the heat recovery unit. 
2. Heat and mass balance calculations 
Heat and mass balance for the overall system has been generated using Aspen simulation. The relevant 
process flow diagram is presented in Fig. 2. 
 

Fig. 2. Process flow diagram used for Aspen simulations. 
The model utilises the PRMHV2 property method (Peng-Robinson-MHV2 equation-of-state model), 
while the water system is simulated using the STEAMTA (Steam table) model. Simulations have been 
carried out at nominal stack power of 1.5 kWel with turndown ratio of 3:1. Fuels used for this study are 
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different natural gas types (Table 1) and synthetic biogas. The air/fuel ratio in the CPOX reforming 
process is around O = 0.31, and the fuel utilisation in the SOFC stack is 75%. Fuel and cathode air flow 
rates have been varied (both in experiments and simulations) in order to reach the target stack power and 
to achieve heat balance around the simplified SOFC fuel stack model. The amount of heat recovery from 
the exhaust gas depends on the type of end heating application (e.g. underfloor heating, water storage, 
conventional heating). Water inlet and outlet temperature conditions are, respectively, for floor heating 
30°C and 40°C, for water storage 20°C and 80°C, and for conventional heating 60°C and 80°C. Pressure 
losses over major components and valves are also considered during this study. 
Table 1. Composition of the different gaseous fuels examined. 
Fuel 
(vol%) 
G20 
(vol%) 
G21 
(vol%) 
G231 
(vol%) 
Biogas 
(vol%) 
CH4 100 87 85 60 
C3H8  13   
N2   15  
CO2    40 
 
System performance has been evaluated based on net electrical efficiency and overall system 
efficiency, as shown here: 
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where Pout,gross is the gross electrical power output of the SOFC (W), KDC/AC is the efficiency of DC/AC 
conversion, Eaux is auxiliary power consumption (W), Qheat-recovery is the cogeneration heat (W), )m fuel is 
the mass-flow of fuel (NG/biogas) (kg/h), and LHV is the lower heating value (MJ/kg). 
 
Indicative results acquired from the implementation of the above described model are shown in Fig. 3 and 
Fig.4 for the examined fuels presented in Table 1.  
 
Based on the results, it can be concluded that the electrical efficiency for stack powers of 1.5 kWel, 0.75 
kWel and 0.5 kWel is around 32%, 36% and 37%, respectively for all examined fuel types. For operation 
with biogas the electrical efficiency is lower. The thermal efficency for combined hot water storage and 
floor heating application at 1.5 kWel and 0.75 kWel is around 55% and 42%, respectively. For the 
conventional heating application the thermal efficiency is around 52% and 40% at 1.5 kWel and 0.75 kWel 
conditions, respectively. The net system efficiency is in the range of 83–87% and 76–79% for 1.5 kWel 
and 0.75 kWel stack power, respectively. 
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Fig. 3. Electrical efficiency of the developed micro-CHP system for different fuels and electrical stack powers. 
 
Fig. 4. Total system efficiencies of the developed micro-CHP system, considering hot water storage application, for different fuels 
and electrical stack powers. 
3. Stack, balance-of-plant components and power electronics 
3.1. SOFC stack 
The stack is a planar SOFC stack provided by Staxera GmbH. Staxera products are readily available in 
the open market, and can be purchased with a 5000 h performance guarantee, including 20 thermal cycles. 
Staxera Mk200 stack modules comprise 30 electrolyte-supported cells featuring 0.5 mm interconnects 
pressed from 0.5 mm sheet metal ferritic steel. This material combination offers a proven optimum 
combination of robust performance and minimum material cost. The stack power density at 850°C is not 
only limited by the ESC cell performance, but also by the overall stack performance and thermal 
management. Staxera has demonstrated stack performance over ~10 000 hours in three separate tests 
using full-sized 30-cell stacks [8] and 20 000 hours in a CPOX-based system. Furthermore, it was shown 
that the interconnect plates have the potential to reach 40 000 operating hours [9]. 
 
In the framework of the FC-DISTRICT project, Staxera is focused on the assessment of performance 
improvements [10] while reducing failures caused by thermal and redox cycling. Over 150 thermal cycles 
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without degradation have already been demonstrated using a 30-cell Mk200 stack [8], and a degradation 
rate below 0.5% for up to 10 redox cycles [11]. An optimised environment for the integration of multiple 
stacks is crucial for a reliable system operation. Thus an Integrated Stack Module using two Mk200 
stacks has been developed by Staxera to resolve some of the most critical integration aspects, such as 
thermal insulation, gas leakage, external compression of the stack, cell voltage measurement, and current 
take-off (see Fig. 5). The Staxera ISM is available in three power classes (1.1, 1.4, and 1.7 kWel) within 
the same footprint. The differences are the cell technology used (ESC-2 or ESC-4 from H.C. Starck) as 
well as the cathode contact layers. 
 
Fig. 5. Mk200 stack and Integrated Stack Module (ISM). 
The latest stack generation, which has been implemented in the present SOFC system, utilises an 
improved anode design, so that the fuel utilisation at the 1.7 kWel could be increased from 75% to 80% 
under full load conditions. Fig. 6 shows the characteristics of the current ISM generation. 
 
Fig. 6. Characteristics of Staxera’s latest generation of 1.7 kW ISM compared to the former 1.4 kW module. 
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It can be seen that the performance is slightly worse if the modules are operated with typical reformates 
as compared to Staxera’s benchmark conditions of a 40% H2/60% N2 gas. Therefore, the nominal ISM 
power, when considering a system with CPOX operation, will be about 1.5 kWel depending on the 
temperature and CPOX air/fuel ratio. 
3.2. Fuel processor 
To convert the desulfurised natural gas feed to the required syngas mixtures for fuelling the anode of 
the SOFC stack, CPOX reforming has been implemented. A noble metal based catalyst (Pt/Pd/Rd) coated 
on a ceramic monolithic support from mixed metal oxides (including zirconium) has been utilised.  
 
For preheating the CPOX air, a high-temperature plate-type heat exchanger is used upstream of the 
CPOX mixer, where air and fuel come together. Plate-type heat exchangers enable high heat transfer 
areas with a minimum of installation volume requirement, achieving high thermal efficiencies. The heat 
exchanger exploits the operational principle of counter current flow, and was designed for full load 
operation of the micro-CHP system, i.e. electrical stack power of 1.5 kWel, stack fuel utilisation of 75%, 
and CPOX air/fuel ratio of 0.31. However, partial load operation was also taken into account. 
 
The heat exchanger was experimentally characterised and the achieved thermal efficiencies are 80% 
for 1.5 kWel stack power and 50% for 0.5 kWel. Maximum pressure losses of 7 mbar were measured 
during operation of the heat exchanger. 
 
The reformer was designed and characterised for operation with different qualities of natural gas and 
potentially biogas. The thermal loads applied to the reformer were in the range 1.0–4.8 kW, meaning 
volume flows ranging from 2 to 8 Nl/min in the case of methane. 
 
A wide range of air/fuel ratios (from 0.17 to 0.33) and several different initial preheating temperatures 
(from 20°C to 450°C) were tested in order to cover all possible operating conditions, including those 
required for startup and shutdown of the overall micro-CHP unit. A detailed characterisation has been 
performed for reformer operation with methane, but also for operation with other types of natural gas 
qualities (G21, G231) and synthetic biogas that are shown in Table 1. Stable conversion of fuel to syngas 
and nearly equilibrium composition of the syngas were achieved for the different gases. Fig. 7 shows the 
reformer efficiencies achieved for the limit gases and biogas. 
 
Fig. 7. Reformer efficiencies for different fuels (air/fuel ratio 0.31, fuel flow 6 Nl/min, inlet gas mixture preheat temperature 300°C). 
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The reformer efficiency is calculated based on the sum of the mole flows of the produced H2 and CO 
multiplied by their LHVs, divided by the inlet mole flow multiplied by the LHV of the fuel: 
 
 
 
      (3)  
where Kref is the reformer efficiency (%), in is the mole flow of species i (mol/s), and LHVi is the lower 
heating value of species i (kJ/mol). 
 
Reformer efficiencies up to approximately 88% could be reached for operation with G20. For operation 
with G231, which is diluted with N2, the reformer efficiencies decreased to 87%, due to the fact that the 
inlet conditions of the reforming process are the same, meaning that the same air/fuel ratio, fuel volume 
flow, and preheating temperature of the inlet gas mixture were applied in both cases. Under this 
constraint, G231 operation results in lower process temperatures due to the dilution with inert gas. When 
operating the reformer with G21, containing 13 vol% of C3H8, the process temperatures are higher for 
similar inlet conditions, and therefore the reforming efficiency increases to a maximum of 91%. It should 
be noted that, based on the efficiency definition (see eq. 3), the biogas case shows also high efficiencies, 
up to 91%, since the heat needed for the dry reforming with CO2 is not considered in this definition. In 
the overall system concept, this heat is provided by heat recuperation from the stack, and not through the 
combustion of the fuel itself. 
 
For application in the micro-CHP unit, an air/fuel ratio of 0.31 was chosen in the CPOX as a 
compromise between performance and safety relevant to overheating conditions. The pressure losses over 
the reformer were less than 3 mbar. Gas sample analysis with a Scanning Mobility Particle Sizer (SMPS) 
showed no soot particles in the syngas, for operation with methane and air/fuel ratios in the range from 
0.17 to 0.33.  
3.3. Anode off-gas burner 
In order to achieve a reasonable cell voltage and to protect the anode from oxidation, there is always a 
certain minimum partial pressure of hydrogen required, meaning that some concentration of combustible 
species (mainly H2 and CO) must be present in the anode exhaust gas, depending on the type of the cell 
itself and on the operational conditions. In addition to the unconverted H2 and CO, a significant amount of 
the inert species of CO2, N2 and H2O appear in the exhaust gases, resulting in a limited chemical 
conversion of the combustible components when utilising conventional combustion technology.  
 
The off-gas burner has to fulfill a challenging combination of contradictive technical requirements: it 
should be able to convert mixtures of various calorific values, from the very low-calorific value gases, 
featuring minimum thermal powers of 0.14 kW, during steady-state operation of the system, to the high 
calorific value reformate gas with thermal powers up to 3.8 kW during system startup and shutdown. In 
the developed burner, thermal power densities in the range from 36 kW/m² to 987 kW/m² were 
encountered. With the aim of having a simple and compact overall system architecture and reducing the 
control and measurement effort, the design of the developed burner is based on a diffusion type flame, 
where the anode off-gases are directly combusted with the cathode exhaust gas. Thus, no additional air 
stream is required for this process, and consequently no additional air blower, which of course acts in 
favour of system simplification. The burner is designed to operate as a two-stage combustor in the case of 
the high-calorific reformate gas, and fulfils all safety aspects required for the operation of the SOFC 
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based micro-CHP system. Complete conversion of all tested gas mixtures was achieved with low pressure 
losses, namely < 3 mbar for the air side and < 0.5 mbar for the fuel side were achieved.  
 
The emissions of the burner for operation with the low-calorific anode off-gas are presented in Table 2 
for different electrical stack powers. They are measured with gas analysers and recalculated to oxygen-
free conditions in vol ppm according to References [12, 13]. The emitted CO concentrations are on the 
level of the accuracy limits of the gas analyser (measured value < 10 vol ppm), and they comply with the 
DIN EN 50465 (CO < 1000 vol ppm at 0% O2). No NOx emissions were detected in the exhaust gas. 
Table 2. Emissions for operation with anode off-gas for normal operation of SOFC based micro-CHP system. 
Electrical stack 
power (kW) 
Thermal power 
range (kW) 
(low-high FU) 
Total equivalence 
ratio (ĳ)  
(low-high FU) 
CO 
 (vol ppm,  
at 0% O2) 
NOx  
(vol ppm,  
at 0% O2) 
CO 
(mg/kWh) 
NOx 
(mg/kWh) 
1.50 1.14–0.68 0.07–0.04 55.0 0 58.0 0 
0.75 0.41–0.23 0.10–0.05 13.5 0 14.0 0 
0.50 0.25–0.14 0.22–0.09 14.0 0 14.5 0 
 
In Table 3 the emissions for burner operation with the high-calorific reformate are summarised. Due to 
the high process temperatures no CO emissions were produced. The NOx emissions for low thermal loads 
are relatively high, but they still comply with the DIN EN 50465 regulations for fuel cell gas heating 
appliances. 
Table 3. Emissions for operation with reformate for start-up/shut-down of SOFC based micro-CHP system. 
Electrical stack 
power (kW) 
Thermal power 
range (kW) 
(low-high FU) 
Total equivalence 
ratio (ĳ) 
(low-high FU) 
CO  
(vol ppm,  
at 0% O2) 
NOx  
(vol ppm,  
at 0% O2) 
CO 
(mg/kWh) 
NOx 
(mg/kWh) 
1.50 3.80–3.40 0.20–0.17 0 145.0 0  163.0 
0.75 1.66–1.51 0.27–0.22 0 141.0 0 158.0 
0.50 1.01–0.91 0.52–0.40 0 154.0 0 173.0 
 
A high-temperature plate type heat exchanger is placed downstream the off-gas burner for preheating 
of the cathode air with the hot exhaust gas of the burner before entering the stack. The developed heat 
exchanger was experimentally characterized, and the thermal efficiencies achieved were 90% for 1.5 kWel 
stack power and 80% for 0.5 kWel. Maximum pressure losses of 5 mbar were measured during operation 
of the heat exchanger. For system startup, an electrical preheater is used to heat up the micro-CHP 
system. 
3.4. Other components 
Other important components, such as the power electronics and the heat recovery unit, are also being 
developed in the framework of the FC-DISTRICT project. The power electronics inverter transforms the 
fuel cell energy to a proper voltage and current waveform in order to connect the system to the grid. This 
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means that the inverter must control the electrical energy flux between the fuel cell and the main grid, 
protecting the fuel cell against grid fault conditions –such as overvoltages, short-circuits, sags etc. The 
inverter operates at powers of 500 W to 2500 W with efficiencies higher than 90% and output voltage 
frequency of 50 Hz ± 2%. This design has to meet the standard EN 50438 for grid connection, including 
local requirements for Germany, Spain, Denmark, France, and the UK.  
 
A two-step converter has been designed in order to convert a variable DC input voltage to a grid AC 
voltage. It consists of an isolated DC/DC converter and a two-level DC/AC inverter. The main goal of the 
DC/DC is to control the SOFC energy flux between a variable fuel cell output signal (35–70 Vdc) and a 
constant DC bus (400 Vdc), maintaining a high converter efficiency. 
 
Fig. 8. Inverter design. 
A heat recovery unit is part of the interface for the district integration of the SOFC based micro-CHP 
unit, and is used to transfer the heat produced by the fuel cell system to the building’s heating system. The 
heat recovery unit consists of a fumes-to-water heat exchanger, where the remaining heat exhausted from 
the off-gas burner after the internal heat recuperation is transferred to the water, thus taking advantage of 
it in a closed heating loop. The thermal power that has to be transferred from the fumes to the water is 
2.75 kWth for full load operation of the system, and the targeted thermal efficiency of the heat exchanger 
is 85%.  
4. Summary and outlook 
In this paper the technical development of an SOFC-based micro-CHP system for natural gas has been 
presented. The micro-CHP system is under development in the framework of the European project FC-
DISTRICT. The overall system architecture utilises CPOX as reforming technology, ESC-based stack 
technology, a diffusion type two-stage off-gas burner, and specially developed BOP components. 
 
All major system components have been developed and completely characterised for single component 
operation mode. They will be integrated into a first prototype complete system for laboratory operation 
that will go through CE certification. The 3D layout of the system is shown in Fig. 9. The micro-CHP unit 
will have dimensions of 1000 mm × 1800 mm × 800 mm and a weight of approximately 450 kg. Two 
micro-CHP units will be tested in the field, and finally the overall concept of the project FC-DISTRICT 
will be evaluated with a large-scale demonstration of all the targeted technical developments combined at 
a district level. For this purpose three micro-CHP systems will be installed in a district. 
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Fig. 9. 3D layout of the FC-DISTRICT micro-CHP unit. 
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